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ABSTRACT
An ultra-stripped supernova (SN) is an explosion of a helium or C+O star whose outer envelope has
been stripped away by a companion neutron star. A double neutron star (DNS) binary is believed
to be left after the explosion, which will emit the gravitational wave later at the coalescence. Recent
detections of a few candidates for the ultra-stripped SN have constrained the properties of the explosion
and the progenitor, but little information is given as to whether the remnant DNS binary will merge
within the cosmic age. A large fraction of the material stripped away from the helium star through
the binary interaction is expected to escape from the system and form circumstellar material (CSM).
The CSM should be traced by radio emission induced by the collision with the SN ejecta. Based on
the stellar evolution models previously developed, we calculate the expected radio luminosities from
ultra-stripped SNe. We find that high radio luminosity at its maximum can be an indicator of small
separation of a DNS binary leading to its merger within the cosmic age. Our results can be used to
optimize the strategy for the radio follow-up observations such as observational epochs and frequencies.
Keywords: supernovae: general — gravitational waves
1. INTRODUCTION
The existence of double neutron star (DNS) binaries
has been confirmed by the detection of the gravitational
wave and the electromagnetic counterpart from a DNS
merger (e.g., Abbott et al. 2017a,b,c; Cowperthwaite
et al. 2017; Tanaka et al. 2017), as well as by the direct
observations of radio pulsars (e.g., Burgay et al. 2003).
In the formation process of the DNS binary, the system
must experience the core-collapse supernova (SN) twice,
which is an explosion of a massive star at the endpoint
of the stellar evolution. Hence, studies on DNS binaries
provide us with the information on the stellar evolution
of massive stars involved in a binary system (for a re-
view, see Bhattacharya & van den Heuvel 1991).
One of the leading models for the formation of DNS
binaries is the ultra-stripped SN scenario (Tauris et al.
2017). In a close binary consisting of two massive stars,
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the secondary star loses its hydrogen envelope through
the common envelope interaction with the companion
NS after the first SN explosion. Subsequently, even
the helium layer of the secondary star is fully or partly
stripped away by the Roche lobe overflow (RLO). The
secondary star then explodes as an ultra-stripped SN.
This evolution scenario leads to small ejecta mass in
the second SN, which is crucial for the binary to sur-
vive as a DNS binary system. The characteristics of the
progenitor, nucleosynthesis, and expected observational
properties of the ultra-stripped SNe in the optical wave-
length have been theoretically investigated (Tauris et al.
2013, 2015; Moriya et al. 2017).
Thanks to the development of high-cadence transient
surveys and fast-turnaround follow-up observations, a
few candidates for ultra-stripped SNe have been discov-
ered (e.g., iPTF 14gqr, De et al. 2018). The timescale
of the optical light curve of iPTF 14gqr is ∼ 5 days,
whereas those of typical Type Ib/Ic SNe are 10 ∼ 20
days (Lyman et al. 2016). This implies that the ejecta
mass of iPTF 14gqr is small (∼ 0.1M). The maximum-
light spectrum is reminiscent of those of Type Ic SNe,
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indicating that the progenitor is a C+O star. These
observational features agree with the prediction for the
ultra-stripped SN (Moriya et al. 2017). Furthermore, a
few other candidates have been suggested from the view-
points of their spectra and rapidly decaying evolutions,
including SN 2005ek (Drout et al. 2013; Tauris et al.
2013) and SN 2010X (Kasliwal et al. 2010)1. We note
that for SN 2010X a progenitor model originated from
a white dwarf has also been suggested.
However, the remnant DNS binaries do not necessarily
have sufficiently small separations to merge within the
cosmic age (Tauris et al. 2015, see also Section 2). In
fact, a DNS binary with a long orbital period (∼ 45 days,
corresponding to the separation of ∼ 0.4 AU) has been
discovered by the radio pulsar observation (Swiggum
et al. 2015). Optical properties of ultra-stripped SNe
are sensitive to the ejecta mass (Moriya et al. 2017), but
not to the separation of the remnant DNS binary. Ultra-
stripped SNe with the small ejecta mass (. 0.2M) can
indeed originate in a wide range of the binary separation
(see Section 2 for details). Therefore, independent diag-
nostics for the remnant DNS binary separation after an
ultra-stripped SN event will be important.
A key ingredient in the ultra-stripped SN scenario is
the RLO mass transfer from the progenitor to the com-
panion NS. A large fraction of the material is expected
to be ejected from the system and form circumstellar
material (CSM), which will lead to intense radio emis-
sion following an SN explosion (e.g., Chevalier 1982b).
In this paper, we investigate properties of radio emis-
sion from the ultra-stripped SN-CSM interaction. We
suggest that the strong radio emission can be a tracer
of an ultra-stripped SN which leaves a remnant DNS bi-
nary with sufficiently small separation to merge within
the cosmic age.
This paper is organized as follows. In Section 2, we
review the characteristics of the ultra-stripped SN pro-
genitors in the stellar evolution models proposed by Tau-
ris et al. (2015). We thereby find a trend that the
mass-transfer rate is larger for the small binary sepa-
ration, especially for the models with small ejecta mass
(< 0.2M). In Section 3, we describe the method for
calculating the radio emission. The results are shown
in Section 4. We discuss the observational prospects,
together with some limitations in the present models,
in Section 5. The paper is closed in Section 6 with a
summary of our findings.
1 See Moriya et al. (2017) and Nakaoka et al. (2020) for the
other candidates.
2. PROPERTIES OF THE ULTRA-STRIPPED SN
PROGENITORS AND MASS-TRANSFER RATES
Tauris et al. (2015, hereafter TLP15) presented a se-
ries of the evolution models for a helium star with the
helium envelope stripped away by a companion NS, pro-
viding a table for the final RLO mass-transfer rates and
the fates of the helium stars. Figure 1 shows a histogram
of the final mass-transfer rates (M˙RLO) reproduced from
Table 1 of TLP15. For the models in which the final fate
is either the iron core-collapse SN (FeCCSN) or the elec-
tron capture SN (ECSN), we observe that the average
mass-transfer rate (M˙RLO ∼ 10−4 Myr−1) is higher
than the canonical mass-loss rate expected for helium
stars (M˙wind ∼ 10−5 Myr−1 , Chevalier & Fransson
2006; Alexander et al. 2015). There are some models in
which either the binary is detached or no RLO initiates.
In these models the CSM around the progenitor will be
dominated by the stellar wind. Note that the models, in
which either a white dwarf is left or the common enve-
lope interaction is realized, are not included in Figure 1,
because the secondary stars in these models would not
explode as SNe.
Figure 2 shows the distribution of the final mass-
transfer rate (M˙RLO) as a function of the final separation
calculated by the Keplerian law (afin), reproduced from
Table 1 of TLP15. The ejecta mass in each model is
estimated as follows:
Mej = M∗,f −MNS, (1)
where M∗,f and MNS(= 1.4 M) are the final mass of
the helium star computed by TLP15 and the mass of
the newly born NS, respectively.
In Figure 2 we find two characteristics on the mass-
transfer rate and the final binary separation. First,
there are some models located at (afin, M˙RLO) ∼
(1R, 10−2Myr−1). This separation satisfies the
condition that the remnant DNS binary will merge
within the cosmic age (afin . 3.3 R). The mass-
transfer rate is at least by an order of magnitude
larger than those of the models with the larger sep-
arations. In fact, one of the models with the parameter
set (afin, M˙RLO) ∼ (1R, 10−2Myr−1), shown by the
circle outlined in red in the top left of Figure 2, has been
adopted to explain the optical properties of an ultra-
stripped SN candidate SN 2005ek (Tauris et al. 2013).
Hence, we conclude that if the very high mass-transfer
rate (& 10−2Myr−1) is derived for a progenitor of an
ultra-stripped SN candidate through the property of
the CSM, this will infer that the binary is sufficiently
close for the remnant DNS binary to make a coalescence
within the cosmic age.
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Figure 1. The histogram of the final mass-transfer rates in the models presented by TLP15. The difference in the color shows
the type of SNe; FeCCSN (blue) or ECSN (red). The models in which either the binary is detached or no RLO initiates are
separately shown in the left side of the histogram.
Second, for the models with MRLO ∼ 10−4Myr−1,
a range of final separations (afin) could be associated.
However, if we focus only on the models with the small
ejecta mass (Mej < 0.2M), there is a tendency for
M˙RLO to decrease as afin increases. Therefore, in case
the small ejecta mass is derived through the optical
properties, the mass-loss rate could be used as a rough
tracer of the DNS binary separation.
In summary, we see the following trend on the mass-
transfer rate. The ultra-stripped SN progenitor tends to
have a higher mass-transfer rate than the typical mass-
loss rate of a helium star. Especially, for the model
with which an extraordinarily high mass-transfer rate
(M˙RLO & 10−3Myr−1) is associated, the binary sep-
aration is so small that the remnant DNS binary will
make a coalescence within the cosmic age.
3. MODELS AND METHOD
After the shock breakout, the collisionless shock is
formed. It is a site for non-thermal particle accelera-
tion and magnetic field amplification, followed by multi-
wavelength emissions including synchrotron radio emis-
sion. In this section we describe the method to model
the synchrotron emission, which basically follows the
previous studies (e.g., Chevalier 1982b, 1998; Fransson
& Bjo¨rnsson 1998; Chevalier & Fransson 2006, 2017;
Maeda 2012, 2013).
3.1. Models
The evolution of the shock velocity is determined
by the natures of the SN ejecta and the CSM. The
outer ejecta structure can be described by a power-law,
ρ ∝ t−3v−n, where v = r/t is the velocity coordinate.
In case that the outer envelope of the progenitor is ra-
diative, the power-law index n = 11.73 matches to the
density structure of the outermost layer of the SN ejecta
(Matzner & McKee 1999). The ultra-stripped SN pro-
genitors likely have a radiation-dominant envelope (e.g.,
Suwa et al. 2015), and we employ the same index.
For the ejecta mass exceeding ∼ 0.2M, the evolution
of the optical light curve becomes too slow to be con-
sistent with the rapid evolutions seen in the previously
observed candidates for the ultra-stripped SNe (Moriya
et al. 2017; De et al. 2018). Thus, in this study, we im-
pose a threshold on the ejecta mass, and focus on the
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Figure 2. Distribution of the mass-transfer rate as a function of the final separation. Only the models in which the secondary
stars explode as SNe are plotted. Two different symbols are used depending on the difference in the ejected mass; Mej < 0.2 M
(circles) or Mej ≥ 0.2 M (triangles). The models plotted by the circles outlined in red are examined in details (see Section
4.1). For the models on the left side of the black dashed line, the remnant DNS binary is expected to merge within the cosmic
age.
models in which the ejecta mass is smaller than 0.2M
(the circles in Figure 2).
With the ejecta properties given, the synchrotron
emission can be computed once the properties of the
CSM are specified. A fraction of the gas transferred from
the helium star to the NS is expected to escape from the
binary system. This material will be distributed around
the binary as the CSM. In this study, we parametrize
the CSM density distribution ρCSM(r) as follows:
ρCSM(r) =
M˙CSM
4piuw
1
r2
, and M˙CSM = fM˙M˙RLO, (2)
where uw and fM˙ are the mass-loss velocity and the frac-
tion of the gas escaping from the system, respectively.
The value of uw involves a large uncertainty. We
adopt the typical escape velocity from a helium star,
uw = 10
8 cm s−1 (Nugis & Lamers 2000), because
this value is larger than the binary orbital velocity
(∼ 2piafinP−1fin ∼ 107 cm s−1, where Pfin is the final or-
bital period). However, we note that the velocity of
the outflow from the NS might be even larger than the
typical escape velocity from a helium star (Miller et al.
2016).
fM˙ is also an important parameter which determines
the efficiency of the formation of the CSM around the
progenitor. It is expected that fM˙ is large (fM˙ ∼ 1) for
the following reasons. First, the mass-transfer rate here
is a few orders of magnitude higher than the Eddington
accretion rate onto a NS (M˙Edd,NS ∼ 10−8 Myr−1).
Therefore, most of the materials cannot accrete onto the
NS, and will escape from the binary system. This is also
required in order for the NS to avoid a collapse to a black
hole. Second, the NS should be spinning up rapidly un-
der the ultra-stripped SN scenario, and it can no longer
receive the angular momentum from the accreting gas.
We thus consider fM˙ = 0.99 as our fiducial model. We
also examine fM˙ = 0.10 to investigate the dependence
of the radio emission on this parameter. Finally, we re-
mark that any asphericity of the CSM is not considered
in this work, although the gas escaping from the system
will not necessarily be distributed spherically.
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3.2. Shock evolution
Assuming that the shocked region is geometrically
thin, the velocity (Vsh) and the radius (Rsh) of the
shocked shell can be derived analytically as follows
(Chevalier 1982a,b):
Vsh = 1.1× 109
(
M˙CSM
10−2 Myr−1
)−0.10 ( uw
108 cm s−1
)0.10
×
(
Ekin
1050 erg
)0.45(
Mej
0.1 M
)−0.35(
t
10 days
)−0.10
cm s−1, (3)
Rsh = 8.5× 1014
(
M˙CSM
10−2 Myr−1
)−0.10 ( uw
108 cm s−1
)0.10
×
(
Ekin
1050 erg
)0.45(
Mej
0.1 M
)−0.35(
t
10 days
)0.90
cm s−1, (4)
where M˙CSM and Ekin are the mass-loss rate converted
from the CSM density (see above) and the kinetic energy
of the ejecta, respectively. We do not take radiative
cooling into account, which could decelerate the shock
velocity by roughly a ten percent if the CSM density is
high. The radio light curves are hardly affected by this
assumption (Matsuoka et al. 2019).
3.3. Particle Acceleration and Magnetic Field
Amplification
At the collisionless shock front, charged particles such
as electrons or protons become energetic by diffusive
shock acceleration (DSA, Fermi 1949; Bell 1978; Drury
1983). The motion of the charged particles is relativistic
and random, followed by magnetic field amplification.
We parametrize the energy density of the electrons (ue)
and magnetic field (uB) as a fraction of the post-shocked
energy density as a function of time as follows:
ue = eρshV
2
sh, (5)
uB =
B2
8pi
= BρshV
2
sh, (6)
where ρsh is the post-shocked density of the CSM, which
is 4 times larger than that of the pre-shocked CSM.
e and B are the parameters which determine the ef-
ficiency of the shock acceleration and the magnetic field
amplification. In this study we use the values e = 0.01
and B = 0.1, but we note that there remains a de-
bate on the realistic values of these parameters (e.g.,
Spitkovsky 2008; Maeda 2012; Caprioli et al. 2015).
We consider the power-law distribution of the number
density of the accelerated electrons N as a function of
the Lorentz factor (γ) as follows:
N(γ) = Cγ−p. (7)
The index p characterizes the hardness of the spectrum
of the electron distribution. We employ p = 3, which
can explain observations of optically thin radio emis-
sions from Type Ib/Ic SNe (Chevalier & Fransson 2006;
Maeda 2013). The coefficient C is determined by equat-
ing the integrated energy density of the electrons with
ue, ∫ ∞
γmin
dγN(γ)γmec
2 = ue ⇒ C = (p− 2)ue
γ2−pminmec2
, (8)
where me, c, and γmin = 2 are the electron mass, the
speed of light, and the minimum Lorentz factor of the
accelerated electrons, respectively.
Our treatment does not include the contribution from
hadronic interactions. It is possible that the relativistic
protons collide with target protons in the dense CSM,
producing electrons and positrons via pion decay (e.g.,
Petropoulou et al. 2016; Murase et al. 2014, 2019). How-
ever, the previous simulation of the radio emission from
infant Type II-P SNe has shown that the synchrotron
emission from these secondary particles would receive
strong self-absorption when the luminosity is at its max-
imum (Matsuoka et al. 2019). Therefore, in this study
we neglect the contribution from the hadronic interac-
tions.
3.4. Synchrotron emission
Once the energy distribution of the electrons and the
strength of the magnetic field are given, the physical
quantities for the synchrotron emission can be calculated
(Rybicki & Lightman 1979). The emissivity jν,syn and
the synchrotron self-absorption (SSA) coefficient αν,SSA
are described as follows:
jν,syn =
1
4pi
∫
dγPν,syn(γ)N(γ), (9)
αν,syn =− 1
8piν2me
∫
dγPν,syn(γ)γ
2 ∂
∂γ
[
N(γ)
γ2
]
.
(10)
Pν,syn(γ) is the power per unit frequency emitted by one
electron defined as follows:
Pν,syn(γ) =
√
3q3B sin θ
mec2
F
(
ν
νc
)
, (11)
νc =
3γ2qB sin θ
4pimec
, F (x) = x
∫ ∞
x
K5/3(y)dy, (12)
where q and θ are the elementary charge and the pitch
angle of the electron (sin θ = 2/3), respectively. K5/3(y)
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is the modified Bessel function. For the power-law en-
ergy distribution of the electrons, the above integration
is analytically calculated as follows:
jν,syn =
√
3q3CB sin θ
4pimec2
2(p−1)/2
p+ 1
Γ
(
3p+ 19
12
)
×Γ
(
3p− 1
12
)(
ν
νc(γ = 1)
)−(p−1)/2
'1.50× 10−23
(
C
1 cm−3
)(
B sin θ
1 gauss
)
×
(
ν
νc(γ = 1)
)−1
erg s−1 cm−3 Hz−1 str−1,
(13)
αν,syn =
2
√
3pi
9
2p/2
qC
B sin θ
Γ
(
3p+ 2
12
)
×Γ
(
3p+ 22
12
)(
ν
νc(γ = 1)
)−(p+4)/2
'2.45× 10−9
(
C
1 cm−3
)
×
(
B sin θ
1 gauss
)−1(
ν
νc(γ = 1)
)−7/2
cm−1. (14)
If the CSM is very dense, free-free absorption (FFA)
in the pre-shocked CSM region becomes important. The
FFA absorption coefficient is estimated in cgs unit as
follows:
αν,ff = 0.018T
−3/2
e Z
2 ρ
2
CSM
µiµemp
ν−2gff cm−1, (15)
where Te, Z, µi, µe,mp, and gff are the thermal electron
temperature, the charge of the thermal ions, the molec-
ular weights of ions and electrons, the proton mass, and
the free-free gaunt factor, respectively. We use Te = 10
5
K, which is conventionally used for explaining the ab-
sorption of radio emission from Type II SNe (see e.g.,
Lundqvist & Fransson 1988; Chevalier et al. 2006). We
note, however, that Te involves large uncertainties and
this could have effect on the radio emission in the early
phase of SNe. The composition of the CSM is domi-
nated by fully ionized helium, and thus Z = 2 is used.
For the free-free gaunt factor, we use the formalization
described by Rybicki & Lightman (1979).
The observed radio luminosity per unit frequency (Lν)
can be estimated by using the synchrotron source func-
tion (Sν,syn), and the optical depths to SSA (τν,syn)
and FFA (τν,ff), as follows (Fransson & Bjo¨rnsson 1998;
Chevalier & Fransson 2017):
Lν = 4piR
2
shpiSν,syn(1− e−τν,syn)e−τν,ff , (16)
Sν,syn =
jν,syn
αν,syn
= 6.12× 10−15
(
B sin θ
1 gauss
)2(
ν
νc(γ = 1)
)5/2
erg s−1 cm−3 Hz−1 str−1, (17)
τν,syn =
∫
shock
drαν,syn
'0.61
(
C
1 cm−3
)(
B sin θ
1 gauss
)−1
×
(
Vsh
109cm s−1
)(
tcool(ν)
1 s
)(
ν
νc(γ = 1)
)−7/2
, (18)
τν,ff =
∫ ∞
Rsh
drαν,ff
'4.7× 103
(
Te
105 K
)−3/2 ( ν
1010 Hz
)−2
×
(
M˙CSM
10−2 Myr−1
)2 ( uw
108 cm s−1
)−2( Rsh
1015 cm
)−3
.
(19)
tcool(ν) is the cooling timescale of electrons emitting a
synchrotron photon at frequency ν:
tcool(ν) =
(
1
t
+
1
tsyn
+
1
tcoulomb
)−1
, (20)
where the timescales for three cooling processes are con-
sidered; dynamical (t), synchrotron (tsyn), and Coulomb
(tcoulomb) cooling. The last two timescales are respec-
tively estimated as follows:
tsyn = 3.2× 107
(
B
1 gauss
)−3/2 ( ν
1010 Hz
)−1/2
s, (21)
tcoulomb = 3.0× 104
(
B
1 gauss
)−1/2 ( ν
1010 Hz
)1/2
×
(
M˙CSM
10−2 Myr−1
)−1 ( uw
108 cm s−1
) ( Rsh
1015 cm
)2
s.
(22)
Inverse Compton cooling is not taken into account, be-
cause the bolometric luminosity of ultra-stripped SNe
is much fainter than those of typical SNe (e.g., Moriya
et al. 2017).
The calculation of the radio light curves is summarized
as follows. At given time t, the hydrodynamical prop-
erties (Vsh, Rsh, ρsh) are first specified (equations 3 and
4). Then, the energy densities of the accelerated elec-
trons and the magnetic field are calculated through the
parametrizations in equations (5) and (6). The distribu-
tion of the number density of the accelerated electrons is
then given by equation (8). The natures of the electrons
and the magnetic field thus specified are used in the com-
putation of the quantities relevant to synchrotron emis-
sion (jν,syn, αν,syn, and Sν,syn). As the cooling timescale
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of electrons tcool(ν) as well as optical depths to SSA and
FFA are also determined, the radio luminosity per unit
frequency can be calculated by equation (16).
4. RESULTS
4.1. Light curves
Figure 3 shows the light curves at the frequency 8.46
and 100 GHz with fM˙ = 0.10 and 0.99. The models
shown here are described in Table 1. These models are
selected as representative cases having Mej ∼ 0.1M
to be consistent with the ejecta mass estimated for
the ultra-stripped SN candidates SN 2005ek and iPTF
14gqr, through their rapid evolutions in the optical
light curves (Sections 2 and 3.1). The explosion energy
Ekin = 10
50 erg is predicted by the theoretical simula-
tion (Suwa et al. 2015), which is also consistent with
those estimated for SN 2005ek and iPTF 14gqr (Tauris
et al. 2013; De et al. 2018).
Qualitatively, the radio emission from SNe at higher
frequency becomes transparent to the CSM in the earlier
epoch. This trend can be seen in all of the models. For
example, in the model sep 1Rsun, where the dense CSM
is distributed (M˙CSM & 10−3 Myr−1), the synchrotron
emission at 8.46 GHz is damped by the strong SSA and
FFA in the first 10 days, while in the late epochs (100
- 1000 days), it shows a high luminosity. This behavior
is commonly seen in the observed radio emission from
Type IIn SNe (e.g., Chevalier 1998). On the other hand,
the emission at 100 GHz is peaked within 1 month, fol-
lowed by the optically thin, decaying emission in 100 -
1000 days.
In the model sep 10Rsun, the peak date of the radio
luminosity at 8.46 GHz is at 10 - 100 days, which is sim-
ilar to the observed radio peak dates for typical Type
Ib/Ic SNe (see e.g., Margutti et al. 2014; Terreran et al.
2019). However, the maximum luminosity is smaller
than those of the typical Type Ib/Ic SNe, because of the
low explosion energy of the ultra-stripped SNe (see also
Section 5.3). The 100 GHz emission is similarly weak
(Lν ∼ 1026 erg s−1 Hz−1) which is peaked at t . 10
days.
4.2. Maximum Luminosities
Figure 4 shows the distribution of the maximum lumi-
nosities of the centimeter emission (8.46 GHz) for vari-
ous models, measured within fixed time interval of the
first 30, 300, and 3000 days, as a function of the final
binary separation. The maximum luminosities in the
centimeter range within the first 30 days do not show
a characteristic difference among all of the binary evo-
lution models. However, if we extend the time-window
to 300 or 3000 days, we can observe strong centimeter
emissions (& 1028 erg s−1 Hz−1) from some models with
afin ∼ 1R. This strong radio signal can be robust di-
agnostics for the dense CSM around the progenitor; a
large amount of the helium layer of the progenitor has
been stripped away, and the small binary separation is
responsible for this strong envelope stripping.
Figure 5 shows the same result as Figure 4, but for the
millimeter emission (100 GHz). The millimeter emis-
sions are enhanced in some models with afin ∼ 1R
already within 30 days. The bright early-phase millime-
ter signals, as well as the bright late-phase centimeter
signals, are useful as indicators of the small binary sep-
aration. We note that the maximum luminosity in the
millimeter range is reached within 30 days for all of the
models, followed by an optically thin, decaying emission
in the late epoch (see Figure 3). These features lead to
the optimized strategy to detect the radio signals from
ultra-stripped SNe; either a long-term monitoring in the
centimeter range or a quick follow-up in the millimeter
range, or a combination of both.
If the observed maximum luminosity (or upper limit)
is Lν . 1026 erg s−1 Hz−1 (both in centimeter range
and in millimeter range), the interpretation will not be
straightforward. Many models with a range of the final
binary separation can lead to Lν ∼ 1026 erg s−1 Hz−1.
However, this behavior is largely driven by the models
with the large ejecta mass; if we focus on the models
with the small ejecta mass (Mej < 0.2M), there is a
tendency for Lν to decrease as afin increases (see e.g.,
(f) in Figure 4 or (b) in Figure 5). This trend results
from the correlation between M˙RLO and afin discussed
in Section 2. The ejecta mass can be estimated by the
optical data. Therefore, the combination of the obser-
vational data in the radio and optical ranges might be a
useful indicator of an ultra-stripped SN forming a DNS
binary which will not merge within the cosmic time, in
case the radio signal is weak.
Our findings on the relation between the observed ra-
dio luminosity and the binary evolution scenario are
summarized as follows. Strong signals around 300 - 3000
days in the centimeter range or within 300 days in the
millimeter range indicate large M˙RLO due to small sepa-
ration. For such a system, the DNS binary left after the
ultra-stripped SN event will make a coalescence within
the cosmic age. On the other hand, a low radio lumi-
nosity implies small M˙RLO, which can be realized for
a wide range of the binary separation. However, once
small ejecta mass is inferred by the optical data, it is
suggested that the binary system has large separation
and the remnant DNS binary will not merge within the
cosmic age.
8 Matsuoka et al.
Table 1. Reference models
model Ekin [erg] Mej [M] M˙RLO [M yr−1]a comments
sep 1Rsun 1050 0.10 1.1× 10−2 Model for SN 2005ek (Tauris et al. 2013)
sep 10Rsun 1050 0.06 3.8× 10−5 -
(a) (b)
(c) (d)
Figure 3. Examples of the synthesized radio light curves for the models shown in Table 1. The top and bottom panels are
for the different models (sep 1Rsun and sep 10Rsun). The left and right panels are centimeter (8.46 GHz) and millimeter (100
GHz) ranges, respectively. The thickness of the lines shows the difference in fM˙ ; fM˙ = 0.10 (thin blue) and fM˙ = 0.99 (thick
blue). The upper limit of the centimeter emission for SN 2005ek is shown by the black arrow.
5. DISCUSSIONS
5.1. Candidates for the ultra-stripped SNe and their
radio observations
Table 2 summarizes the constraints on radio luminosi-
ties of the ultra-stripped SN candidates (SN 2005ek and
iPTF 2014gqr). All of the observations were conducted
in the centimeter range within 10 days since the explo-
sion, although the observed epoch (tobs) of SN 2005ek
has an uncertainty due to the unknown explosion date
(see Drout et al. 2013). Non-detections are reported in
all of the cases. The upper limits for the radio luminos-
ity per unit frequency are given as Lν . 1027 erg s−1
Hz−1. While these observations in principle allow us to
investigate the nature of the CSM, these available upper
limits are not deep enough to be a strong constraint (see
Figure 3 for SN 2005ek).
5.2. Strategy in radio follow-up observations
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(a) (b)
(c) (d)
(e) (f)
Figure 4. Dependences of the radio maximum luminosity on the final separation, for different time windows since the explosion
(within the first 30 days, 300 days, and 3000 days from the top to bottom). The frequency is set at 8.46 GHz in these figures.
The left panels are for fM˙ = 0.10, while the right ones are for fM˙ = 0.99.
Figure 6 summarizes the radio luminosity as functions
of the observational epoch and frequency for the ultra-
stripped SN models shown in Table 1. For the model
sep 1Rsun, the centimeter emission after 100 days or
the millimeter emission around 10-100 days provides the
optimized windows. For the model sep 10Rsun, the cen-
timeter emission at 10-100 days or millimeter emission
within 10 days would become the best tracer of the CSM,
although even for these windows the peak luminosity is
less than 1027 erg s−1 Hz−1.
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(a) (b)
(c) (d)
(e) (f)
Figure 5. Same as Figure 4, but for 100 GHz.
The previous radio observations for the ultra-stripped
SN candidates were conducted in the centimeter range
within 10 days, during which the absorption effect is
still strong (see Table 2). In such an early phase, the
signal will be damped by the SSA and the FFA. The
rapid observation in the centimeter range is not suitable
as the diagnostics of the binary separation. Hence, it is
necessary to continue the centimeter observation until
t ∼ 100− 1000 days. On the other hand, the millimeter
emission is enhanced around 10 days. We suggest that a
rapid millimeter follow-up observation can be a potential
tracer of the nature of the progenitor binary.
5.3. Contribution from an additional ‘confined’ CSM
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Table 2. Radio observations of the candidates for ultra-stripped SNe
Object Distance [Mpc] tobs [day]
a νobs [GHz]
b upper limit of Lν [erg s
−1 Hz−1]
SN 2005ek 67 5− 11 8.46 7× 1026
iPTF 14gqr 284.5 ∼ 1 15 5.6× 1027
iPTF 14gqr - ∼ 1.7 6.1 1.12× 1027
iPTF 14gqr - ∼ 1.7 22 1.13× 1027
iPTF 14gqr - ∼ 11 6.1 1.26× 1027
iPTF 14gqr - ∼ 11 22 1.50× 1027
References: SN 2005ek : Drout et al. (2013), iPTF 14gqr : De et al. (2018)
aObserved epoch since the explosion.
bObservational frequency.
(a) (b)
(c) (d)
Figure 6. The radio luminosity for the reference models shown by the different colors, as functions of the epoch and frequency.
The x-axis is the frequency in a logarithmic scale, while the y-axis is the epoch in a logarithmic scale. Shown here are the
models sep 1Rsun (Top) and sep 10Rsun (Bottom). In the left panels fM˙ = 0.1 is used, while in the right panels fM˙ = 0.99.
The points show a combination of the epoch and frequency in the past observations (Table 2).
While our model is constructed based on the RLO
mass-transfer history in the ultra-stripped SN models,
massive stars may experience an additional mass-loss
process for which the origin has not yet been clarified.
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Recently, the possibility of a pre-SN enhanced mass loss,
especially for Type II SN progenitors, has been proposed
(e.g., Yaron et al. 2017; Forster et al. 2018). It has also
been reported that the progenitor of iPTF 14gqr was
surrounded by the dense CSM existing up to ∼ 1015
cm (De et al. 2018). In this section, we show that it
is possible to distinguish the potential radio signal con-
tributed by the confined CSM from that created by the
RLO mass transfer associated with the evolution of the
ultra-stripped SN progenitor binary.
Figure 7 shows the modeled radio light curves of SN
2016coi, as compared with our fiducial ultra-stripped
SN models (fM˙ = 0.99). For the physical param-
eters of SN 2016coi, we adopt the following values:
Mej = 4.0M, Ekin = 7 × 1051erg, and M˙CSM = 1.0 ×
10−4Myr−1, as derived by Terreran et al. (2019). As-
suming that the progenitor of SN 2016coi would have
the confined CSM with the mass-loss rate M˙CSM =
1.0×10−3Myr−1 up to ∼ 1015 cm, we also examine the
radio emission produced by the collision between the SN
ejecta and the confined CSM. This setup corresponds to
the situation that the confined CSM will be swept up by
the shock within ∼ 10 days. The observational data for
the radio signals from SN 2016coi at 8.46 GHz are also
plotted in Figure 7, which are roughly consistent with
our model light curve for SN 2016coi.
The characteristic radio signal produced by the con-
fined CSM appears only within ∼ 10 days (thin red
lines in Figure 7, see also Matsuoka et al. 2019). It is
damped due to the FFA in the centimeter range, while
it is strongly enhanced in the millimeter range. On the
other hand, the final RLO mass transfer in the ultra-
stripped SN progenitor binary models continues for & 10
years, forming a dense CSM up to ∼ 1017 cm. This ex-
tended CSM produces a slowly-decaying radio emission
up to ∼ 1000 days, unlike the signal from the confined
CSM. Therefore, a long-term radio monitoring can solve
the degeneracy between the RLO expected in the ultra-
stripped SN progenitor binary evolution and the pre-SN
enhanced mass loss seen in some core-collapse SNe.
In addition, we note that the radio emissions from
SN 2016coi after 10 days are also distinguishable from
those from the ultra-stripped SNe. The gap in the mass-
loss rate between SN 2016coi and the model sep 1Rsun
results in the difference in the radio peak dates. For the
model sep 10Rsun, the mass-loss rate is similar to that
of SN 2016coi, but the radio luminosity is weaker due
to the small explosion energy of the ultra-stripped SN.
However, we note that there are some uncertainties on
the parameters describing the shock acceleration such as
e and B .
5.4. Event rate and Detectability
The fraction of ultra-stripped SNe is suggested to be
0.1 - 1 percent of the total number of SNe (Tauris et al.
2013). If transient observational facilities are able to
completely detect all of the SNe within the distance
Dmax, the detection rate of ultra-stripped SNe is esti-
mated as ∼ 10(Dmax/300 Mpc)3 yr−1 (Hijikawa et al.
2019), corresponding to once per one month. At the
typical distance of 300 Mpc for the ultra-stripped SNe
(corresponding to iPTF 14gqr), the expected flux den-
sity of the radio signal is ∼ 0.1(Lmax/1028erg s−1 Hz−1)
mJy. An integration time of ∼ 5 minutes is required
for Very Large Array (VLA) or Atacama Large Millime-
ter/submillimeter Array (ALMA) to detect such a signal
with 5σ sensitivity. We suggest a long-term monitoring
of ultra-stripped SN candidates in the centimeter range
with VLA, or a quick millimeter follow-up observation
with ALMA as interesting proposals.
5.5. Model uncertainties
Before closing this paper, we comment on a few un-
certainties involved in our modeling. First is the ve-
locity of the CSM, which is important for determining
the normalization of the CSM density. In this study we
have assumed the typical escape velocity of a helium star
(u = 108 cm s−1). However, if the origin of the CSM
is dominated by the outflow from the neutron star, the
expected signals will become weaker than those in the
present models.
Second, we employ the free parameter fM˙ to describe
how much fraction of the gas transferred from the he-
lium star will be distributed as the CSM. This parame-
ter could be attributed to two physical processes; one is
the direct leakage from the Roche Lobe, and the other
is the outflow caused by the super-Eddington accretion
onto the neutron star (see e.g., Chashkina et al. 2019,
and references therein). As discussed in Section 3.1, the
large value is plausible for fM˙ from various viewpoints.
If the small fM˙ is realized, then the companion NS would
experience the gravitational collapse to a black hole, or
the accreting gas would stagnate around the NS and the
binary would evolve into the common envelope again.
The small fM˙ thus neither produce the ultra-stripped
SN, nor form the DNS binary.
Finally, we adopt the standard parameters to describe
the shock acceleration, e and B , to calculate the radio
light curves. As noted in Section 3.3, the uncertainty
in these parameters will affect the peak date and the
optically thin, decaying luminosity of the radio emission.
However, we emphasize that the optimized combinations
of the observational epoch and frequency for detecting
the radio signals from the ultra-stripped SN suggested in
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(a) (b)
(c) (d)
Figure 7. The modeled radio light curves of SN 2016coi, as compared with our ultra-stripped SN models. The left panels show
the radio light curves in the centimeter range (8.46 GHz), while the right panels are models in the millimeter range (100 GHz).
The thick red lines show the synthesized radio light curves for SN 2016coi with the mass-loss rate M˙CSM = 10
−4Myr−1, for
t < 10 days (dotted) or t ≥ 10 days (solid). The thin red lines within 10 days indicate the radio light curves computed with
the putative confined CSM around the SN 2016coi with the mass-loss rate M˙CSM = 10
−3Myr−1. The black points in the left
panels show the observational data of SN 2016coi in the centimeter range (Terreran et al. 2019). The ultra-stripped SN models
sep 1Rsun (Top) and sep 10Rsun (Bottom), with fM˙ = 0.99 as the fiducial value, are plotted with the solid blue lines.
this paper would hardly be affected by the uncertainty
in these shock acceleration parameters.
6. SUMMARY
A DNS binary imprints the stellar evolution history
of massive stars in its formation process. Detections of
radio pulsars, gravitational waves from a DNS merger
and the associated kilonova, have uncovered the univer-
sal existence of close DNS binaries. The system must
experience two SN explosions, and strong binary inter-
action, in the evolution process. The ultra-stripped SN
scenario has been proposed as a promising system to
form a DNS binary, thanks to its small ejecta mass. Re-
cent transient observations have discovered some can-
didates for the ultra-stripped SNe, and the nature of
the candidates has been investigated in detail. How-
ever, an ultra-stripped SN progenitor system may have
large separation, and then a remnant DNS binary would
not merge within the cosmic age. Observational prop-
erties of ultra-stripped SNe in the optical range are not
sensitive to the separation of the remnant DNS binary.
An alternative method for investigating the binary sep-
aration and the possibility of the remnant DNS merger
within the cosmic age is thus required.
We have focused on the mass-transfer rate of the ultra-
stripped SN progenitor binary, which is highly sensitive
to the orbital separation. The high mass-transfer rate
in the ultra-stripped SN progenitor binary results from
the strong binary stripping associated with the small bi-
nary separation, and will be directly linked to the high
CSM density around the progenitor. In such a circum-
stance, radio emission induced by the SN-CSM interac-
14 Matsuoka et al.
tion should be strong, and this will become a potential
tracer of the mass-transfer rate and the separation of
the progenitor binary.
Guided by the stellar evolution models developed by
TLP15, we have analytically calculated the radio emis-
sion from the ultra-stripped SNe. We have shown that
the peak luminosities both in the centimeter and mil-
limeter ranges are high in some of the models with small
separations. A strong radio signal can thus indicate that
the remnant DNS binary can merge within the cosmic
age. Furthermore, we have also suggested an optimized
combination of the time and frequency windows to study
the radio signals from the ultra-stripped SNe. The cen-
timeter emission in the late epoch (& 100 days) and the
millimeter emission in the early epoch (. 30 days) serve
as potential probes for investigating the nature of the
remnant DNS binary.
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